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Action potentials (APs) propagating along axons
require the activation of voltage-gated Na+ (Nav)
channels. How Nav channels are transported into
axons is unknown. We show that KIF5/kinesin-1
directly binds to ankyrin-G (AnkG) to transport Nav
channels into axons. KIF5 and Nav1.2 channels bind
to multiple sites in the AnkG N-terminal domain that
contains 24 ankyrin repeats. Disrupting AnkG-KIF5
binding with small interfering RNA or dominant-
negative constructs markedly reduced Nav channel
levels at the axon initial segment (AIS) and along
entire axons, thereby decreasing AP firing. Live-cell
imaging showed that fluorescently tagged AnkG or
Nav1.2 cotransportedwith KIF5 along axons. Deleting
AnkG in vivo or virus-mediated expression of a domi-
nant-negative KIF5 construct specifically decreased
the axonal level of Nav, but not Kv1.2, channels
in mouse cerebellum. These results indicate that
AnkG functions as an adaptor to link Nav channels
to KIF5 during axonal transport before anchoring
them to the AIS and nodes of Ranvier.
INTRODUCTION
Action potentials (APs) propagating along axons play a central
role in cell-to-cell communication in the nervous system. AP
firing minimally requires the sequential activation of two types
of voltage-gated ion channels, Na+ (Nav) and K+ (Kv), as Hodgkin
andHuxley (1952) discoveredmore than 60 years ago. Activation
of Nav channels initiates an AP, whereas activation of Kv chan-
nels helps terminate it. The Nav channel family contains ten
Nav1 channel a-subunits with different channel biophysical
properties, regulation, and expression and localization patterns
in health and disease, and has been extensively studied
(Armstrong and Hille, 1998; Boiko et al., 2003; Catterall, 2012;DevelopmHu et al., 2009; Vacher et al., 2008; Waxman, 2012; Payandeh
et al., 2012). However, axonal transport of Nav channels is a
long-standing mystery.
Crucial for efficient initiation and saltatory propagation of
APs along myelinated axons of vertebrates, Nav channels are
clustered at the axon initial segment (AIS) and nodes of Ranvier
(Black et al., 1990; Clark et al., 2009; Stuart et al., 1997). The clus-
tering of Nav channels, as well as some K+ channels and cell
adhesion molecules at AISs and nodes, is mediated by ankyrin-
G (AnkG) (Bennett and Healy, 2009; Dzhashiashvili et al., 2007;
Jenkins and Bennett, 2001; Pan et al., 2006; Salzer, 2003; Zhou
et al., 1998). Vertebrate ankyrins are encoded by three genes:
ankyrin-R, ankyrin-B (AnkB), and AnkG. They are closely related
in their ankyrin repeats in the N terminus and spectrin-binding
domains, but diverge in their C-terminal regulatory domains. An-
kyrin repeats in AnkG associate with a variety of ion channels/
pumps, calcium release channels, and cell adhesion molecules
(Bennett and Baines, 2001; Bennett and Healy, 2009). AnkG links
these key membrane proteins to the actin cytoskeleton via
spectrins. AnkG is clustered at the AIS via a neuronal intrinsic
mechanism, whereas it is recruited to nodes of Ranvier through
an extrinsic mechanism via axonal neurofascin-186 guided by
myelin membranes (Dzhashiashvili et al., 2007; Feinberg et al.,
2010; Hedstrom et al., 2007; Sherman et al., 2005; Zonta et al.,
2011). However, nothing is known about how AnkG itself is
anterogradely transported into axons, particularly to the nodes
of Ranvier far from the cell body (Barry and Gu, 2013).
The microtubule-based forward transport is mainly mediated
by kinesin motors. The kinesin superfamily contains 45 mem-
bers, which selectively transport many different cargos, includ-
ing different ion channels (Goldstein, 2001; Hirokawa et al.,
2010; Vale, 2003). Whereas PDZ- and coiled-coil-domain pro-
teins function as adaptor proteins linking ionotropic glutamate
and GABA receptors, respectively, to different kinesin motors,
some voltage-gated ion channel/transporter proteins bind
directly to kinesin motors during forward transport (Barry and
Gu, 2013; Xu et al., 2010). Despite much progress in this
research field, how most ion channels, including Nav channels,
are linked to kinesin motors during intracellular forward transport
is not known.ental Cell 28, 117–131, January 27, 2014 ª2014 Elsevier Inc. 117
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KIF5 Transports Ankyrin-G/Nav Channels into AxonsConventional kinesin-1 is a major anterograde motor that
operates in axons and consists of a heavy-chain (KIF5A,
KIF5B, or KIF5C) dimer and two light chains (KLC) binding to
the C termini of the dimer. The heavy chains have an N-terminal
motor domain followed by a stalk domain that is responsible
for dimerization through coiled-coil regions, and a C-terminal
tail domain that contains cargo-binding sites (Asbury et al.,
2003; Gennerich and Vale, 2009; Hirokawa et al., 2010). The
cargos of kinesin-1 can bind either to KLC or directly to the
KIF5 C-terminal tail region (Barry and Gu, 2013; Glater et al.,
2006; Hirokawa et al., 2010; Setou et al., 2002; Xu et al., 2010).
In this study, we have identified a direct binding between AnkG
and KIF5B. This binding is critical for axonal targeting of Nav
channels and proper AP firing. AnkG and Nav1.2 can cotransport
with KIF5, as revealed by live-cell time-lapse imaging. Our
finding is further supported by in vivo experiments using
cerebellum-specific AnkG knockout mice and virus-mediated
expression of a dominant-negative KIF5B construct. Taken
together, our results show that AnkG functions as an adaptor
to link Nav channels to KIF5 during axonal transport before
anchoring them to the AIS and nodes of Ranvier.
RESULTS
Interaction and Colocalization of AnkG and KIF5
Using protein pull-down assays followed by tandem mass
spectrometry analysis, we previously identified KIF5 as a binding
protein of the Kv3.1 T1 domain (Xu et al., 2010). Tetramerized,
but not monomeric, Kv3.1 T1 domains directly bind to the
KIF5B tail domain as the mechanism underlying channel-assem-
bly-dependent axonal transport (Barry and Gu, 2013; Xu et al.,
2010). The KIF5B tail domain, which contains cargo-binding
sites, directly binds to many other proteins (Xu et al., 2010).
We used purified glutathione S-transferase (GST)-tagged
KIF5B tail as a bait to pull down mouse brain lysates, followed
by mass spectrometry analysis. We identified AnkG, among
many other proteins, as a potential binding protein of KIF5B.
However, in contrast to the clustering of AnkG at the AIS and
nodes of Ranvier in mature neurons, KIF5 is not enriched at
those sites.
To determine whether AnkG and KIF5 can colocalize in young
neurons, we used cultured rat hippocampal neurons, which
are an established model for cell biological studies of neurons
and have well-characterized developmental stages (Dotti et al.,
1988). Interestingly, there was much more colocalization of
AnkG and KIF5 along axons in young neurons. At 6 days
in vitro (6 DIV), when the axon-dendrite polarity is just estab-
lished, AnkG was clearly observed both at the AIS and in distal
axons, whereas KIF5B was colocalized with AnkG along axons,
including axonal growth cones (Figures 1A–1C). Despite being
partially coclustered, KIF5B and AnkG showed high coenrich-
ment in both proximal and distal axons (Figure 1C). At 14 DIV,
when synapses start to form, AnkG was highly concentrated at
the AIS, whereas KIF5B was distributed throughout the whole
neuron and present, but not enriched, at the AIS (Figures 1A
and 1D).
We next examined Nav channels at different developmental
stages. At the early stage (6 DIV), both AnkG and KIF5B colocal-
ized with Nav channels along axons and at growth cones (Fig-118 Developmental Cell 28, 117–131, January 27, 2014 ª2014 Elseviures S1A and S1B available online). At 9 DIV, AnkG and Nav
channels were highly clustered at the AIS, withmuch lower levels
in distal axons (Figures 1E and 1F). In older neurons (>21 DIV),
whereas AnkGwas highly concentrated at the AIS, Nav channels
were present not only at the AIS but in distal axons as well (Fig-
ures 1G, 1H, and S1C). These results raised two interesting
questions: Does KIF5 transport both AnkG and Nav channels
into axons? Does Nav channel axonal transport require AnkG?
Multiple Binding Sites Mediate the Physical Interaction
between AnkG and KIF5
To determine whether AnkG and KIF5 physically interact, we first
performed an immunoprecipitation (IP) assay from brain lysates
of mouse pups. Both anti-AnkG and anti-pan-Nav channel anti-
bodies precipitated KIF5 (H2) (Figure 2A). Under the same con-
dition, the AnkG antibody did not pull down KIF3A, but caused
a faint band for KIF4 (Figure S2A and S2B). The faint band above
the KIF4 bands is most likely a nonspecific band, which some-
times could be observed in control immunoglobulin G (IgG) as
well. On the other hand, although it is unlikely, it could be inter-
preted as a real KIF4 band with a posttranslational modification
that resulted in the shift (Figure S2B). The AnkB antibody did not
pull down KIF5 (Figure S2C). Conversely, the KIF5 antibody, but
not the KIF3A or KIF4 antibody, pulled down AnkG (Figure S2D).
The pull-down of AnkG by KIF5 was not very efficient (Fig-
ure S2D), which may result from AnkG’s large size and many
binding proteins. In contrast to the AnkG and Nav channel inter-
action, the binding between AnkG and KIF5 is not known. Next,
to determine the binding sites that mediate the AnkG-KIF5
interaction, we used bacterially expressed GST-Tail (KIF5B tail,
aa 758–963), GST as a negative control, and GST-Nav1.2II-III
(containing the AnkG-binding site (aa 1080–1203) in Nav1.2
channel as a positive control (Garrido et al., 2003)) to pull down
YFP-tagged AnkG fragments (Figures 2B and S2E). Both GST
fusion proteins precipitated MB-GFP (the N-terminal mem-
brane-binding domain of AnkG that contains 24 ankyrin repeats),
but not YFP-SPBD and YFP-RD expressed in human embryonic
kidney 293 (HEK293) cells (Figure 2C). Interestingly, both precip-
itated the first 6-ankyrin-repeat cluster YFP-AR1 (Figures 2C and
2D). GST-Nav1.2II-III, but not GST-Tail, pulled down the second
cluster YFP-AR2 (Figures 2C and 2D). GST-Nav1.2II-III also
precipitated the fourth cluster (YFP-AR4), but not the third clus-
ter (YFP-AR3) (Figures 2C and 2D). Thus, our results surprisingly
show that there aremultiple binding sites for Nav1.2 in the AnkGN
terminus. In contrast, GST-Tail failed to bind either YFP-AR3
or YFP-AR4, but bound to a larger fragment including the sec-
ond, third, and fourth clusters (YFP-AR2-4; Figures 2C and
2D). Therefore, our results show that KIF5 and Nav1.2 have
multiple binding sites but distinct binding patterns in the AnkG
MB domain (Figure 2D). This raised an intriguing possibility that
AnkG can function as an adaptor protein to link Nav channels
to KIF5 motors (Figure 2D).
To confirm whether the AnkG-KIF5 binding is direct, we
purified His-MB and several GST-tagged KIF5 tail fragments.
Indeed, purified GST-Tail and GST-Nav1.2II-III pulled down puri-
fied His-MB, as shown by Colloidal Blue staining (Figure 2E).
To determine whether KIF5 can bind to Nav channels through
AnkG, we performed a pull-down assay. For that purpose,
we incubated GST- or GST-Tail-coated beads with or withouter Inc.
Figure 1. Development-Dependent Colocalization of AnkG, KIF5B, and Nav Channels along Axons
Hippocampal neurons cultured from rat E18 embryos were fixed and stained at different developmental stages.
(A) Development-dependent colocalization of KIF5B (red in merged) and AnkG (green in merged) in neurons. Signals are inverted in grayscale images. KIF5B and
AnkG colocalized in an axonal growth cone (middle, 3-fold higher magnification compared with the top).
(B) High-magnification images show colocalization of AnkG and KIF5B in proximal axons of neurons at 6 DIV.
(C) Summary of the percentage of neurons with coenrichment of AnkG and KIF5B in the proximal (left) and distal (right) axons. Results are provided as
mean ± SEM.
(D) High-magnification images show AnkG and KIF5B staining in the proximal axon from a neuron at 14 DIV.
(E) Colocalization of AnkG (green inmerged) and pan-Nav channels (red in merged) in hippocampal neurons at 9 DIV. Anti-pan-Nav channel antibodies were used
throughout this study.
(F) Fluorescence intensities of AnkG (green) and pan-Nav channels (red) along the axon in (E).
(G) Colocalization of AnkG (green) and pan-Nav channels (red) in hippocampal neurons at 21 DIV.
(H) Fluorescence intensities along the axon in (G). Arrows, proximal axons including the AIS; arrowheads, distal axons.
Scale bars, 100 mm (A, E, and G) and 25 mm (B and D). See also Figure S1.
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KIF5 Transports Ankyrin-G/Nav Channels into Axonspurified His-MB, and then further incubated the beads with
HEK293 cell lysates containing expressed full-length Nav1.2-
GFP channel. GST-Tail, but not GST, pulled down His-MB and
Nav1.2-GFP (Figure S2F, left). In the absence of His-MB, GST-
Tail did not pull down Nav1.2-GFP (Figure S2F, right). Therefore,
this result shows that AnkG is required for the interaction be-
tween Nav channels and KIF5 motors, and these three proteins
can form a complex.
Interestingly, GST-T70 (aa 865–934 in KIF5B tail, containing
the Kv3.1 T1-binding site), but not GST-T63 (aa 758–820 in
KIF5B tail, containing the KLC1-binding site) or GST-T70RKR
(with the three basic residues (R892K893R894) mutated to threeDevelopmDs, no longer binding to Kv3.1 T1) (Barry et al., 2013), pulled
down His-MB (Figure 2E). Thus, the AnkG MB domain binds to
the Kv3.1 T1-binding site in KIF5B tail. To further pinpoint
the binding site, we tested three smaller fragments (GST-
Tail865-891, GST-Tail892-913, and GST-Tail913-934) covering the
entire T70 region. None of them pulled down His-MB efficiently
(Figure S2G). Therefore, the binding is not mediated by a small
region and requires most of the residues within the T70 region.
To determine the binding affinity between AnkG MB and
KIF5B tail, we performed a surface plasmon resonance (SPR)
experiment using purified GST-Tail and His-MB or His-AR1
with the Biacore T100 instrument. His-MB bound to GST-Tailental Cell 28, 117–131, January 27, 2014 ª2014 Elsevier Inc. 119
Figure 2. Direct Binding between AnkG and KIF5
(A) AnkG and Nav channel interacted with KIF5 in brain lysates from mouse pups (postnatal day 7 to 21). Blue asterisks: 10% of KIF5 (H2) pull-down was loaded
(top); 5% of Nav channel pull-down was loaded (bottom); 5% was loaded for both inputs.
(B) Diagram of AnkG domains and YFP fusion constructs. AR, ankyrin repeat; SPBD, spectrin-binding domain; RD, regulatory domain.
(legend continued on next page)
Developmental Cell
KIF5 Transports Ankyrin-G/Nav Channels into Axons
120 Developmental Cell 28, 117–131, January 27, 2014 ª2014 Elsevier Inc.
Developmental Cell
KIF5 Transports Ankyrin-G/Nav Channels into Axonswith high affinity (KD: 2.4 ± 0.9 3 10
9 M; KON: 2.9 ± 0.6 3 10
5
M1s1; KOFF: 5.9 ± 2.1 3 10
4 s1; n = 6) (Figure 2F). The
binding affinity for His-AR1 was approximately 20-fold less
(KD: 4.8 ± 0.8 3 10
8 M; KON: 3.2 ± 0.6 3 10
4 M1s1; KOFF:
1.4 ± 0.2 3 103 s1; n = 6; Figure 2G). His-AR1 appears to
have faster association and disassociation rates than His-MB.
It is important to note that the binding between AnkG and
KIF5 in vivo may differ from that in purified domains due to the
different microenvironment. Nonetheless, this result confirms
the direct binding between AnkG and KIF5B.
Disrupting AnkG Function Reduces Nav Channel Axonal
Targeting and AP Firing
We next examined whether AnkG mediates axonal localization
of Nav channels in neurons. Suppressing AnkG expression with
siRNA in mature neurons significantly reduced the level of Nav
channels not only at the AIS but also in distal axons (Figures
3A–3D, 3F, and 3G). Expression of AnkG dominant-negative
mutants to interfere with AnkG-KIF5 binding also reduced
Nav channel levels in axons. YFP-AR1 significantly reduced
AnkG at the AIS and overall Nav channel levels (including its
level at the soma); whereas, YFP-AR2 did not change the
AnkG level but reduced Nav channel axonal levels (Figures
3E–3G, S3A, and S3B). Interestingly, whereas YFP-AR1
expression reduced the Nav channel level at soma, YFP-AR2
expression increased it (Figures 3E and 3H). This appears to
be consistent with our binding data indicating that YFP-AR1
binds to both KIF5 tail and Nav1.2II-III, whereas YFP-AR2 only
binds to Nav1.2II-III (Figures 2C, 2D, and 3E). YFP-AR2 may
only disrupt the AnkG-Nav binding to prevent Nav channels
from entering the axon, resulting in accumulation of Nav chan-
nels at soma. On the other hand, since YFP-AR1 can disrupt
both AnkG-KIF5 and AnkG-Nav binding, it reduces the general
forward trafficking of both AnkG and Nav channels, which may
stimulate channel degradation at the same time. This also
appeared to be the case for AnkG siRNA knockdown (Fig-
ure 3H). The exact mechanism underlying the interactions
among protein synthesis, forward trafficking, and degradation
of Nav channels remains to be determined in future studies.
To confirm that YFP-AR1 disrupts AnkG-KIF5 binding, we
performed a competition assay using purified proteins, and
showed that an increased amount of His-AR1 reduced the
amount of His-MB binding to GST-Tail (Figures S3C and
S3D). Although it is not clear how many different proteins can(C) Identifying the KIF5- and Nav-channel-binding sites within AnkG. Both GST
binding domain containing 24 ankyrin repeats), but not SPBD and C-terminal RD.
within the MB domain. YFP-fusion proteins expressed in HEK293 cells (inputs
(bottom), as revealed bywestern blotting with an anti-GFP antibody. Molecular we
(D) Diagram shows different binding sites of KIF5 and Nav1.2 in the MB domain of
KLC1 and the Kv3.1 T1 domain, respectively.
(E) The T70 region binds to the AnkG N terminus. The pull-down assay was perfo
(top), and confirmedwith western blotting with an anti-63His antibody (bottom). T
The full-length His-MB bands are indicated with a red asterisk. There were small
the position of His-MB.
(F) SPR response curves in measuring the binding affinity between GST-Tail and
(G) SPR response curves in measuring the binding affinity between GST-Tail and
See also Figure S2.
Developmbind to AR1, we show that expression of YFP-AR1 did not
reduce the axonal levels of CFP-KLC1, CFP-VAMP2, or CFP-
SNAP25 (Figure S3E). Taken together, the siRNA knockdown
and dominant-negative results support the hypothesis that
AnkG-KIF5 binding is required for axonal localization of Nav
channels.
To determine how axonal targeting of Nav channels regulates
AP firing, we performed current- and voltage-clamp recordings
on cultured neurons transfected with either AnkG siRNA or
dominant-negative mutants. For current-clamp recordings, a
current pulse was injected into the soma via an electrode that
picked up back-propagated APs as previously described
(Gu et al., 2012). Suppressing AnkG markedly reduced AP
amplitude and increased AP duration, which is consistent
with the elimination of inward current density (Figures 4A, 4B,
4E–4H, and S4A–S4C). On the other hand, YFP-AR1, but not
YFP-AR2, significantly reduced AP amplitude and increased
AP duration (Figures 4C–4H and S4D–S4F). Whereas YFP-
AR1 significantly reduced both inward and outward current
densities, YFP-AR2 surprisingly increased the inward current
without affecting the outward current (Figures 4D, 4G, and
4H). In YFP-AR2-expressing neurons, Nav channels accumu-
lating at the soma (Figures 3E and 3H), can give rise to larger
inward current (Figure 4D, right) and support AP firing. These
results are consistent with both binding and staining data (Fig-
ures 2C, 2D, and 3).
Expressing the AnkG-Binding Site in KIF5B Tail, YFP-
T70, Reduces Axonal Levels of AnkG and Nav Channels
We further examined how expressing the AnkG-binding site in
KIF5B tail alters the localization and function of AnkG and Nav
channels. YFP-T70 (aa 865–934 within KIF5B tail), but not YFP
and YFP-T70RKR (aa 865–934 with R
892K893R894 mutated to
DDD), significantly reduced the levels of AnkG and Nav channels
at both the AIS and distal axons (Figures 5A, 5B, and S5A). Since
T70 is highly conserved in KIF5A, KIF5B, and KIF5C (Xu et al.,
2010), YFP-T70 can be used as a dominant-negative mutant
for all KIF5 motors, eliminating potential compensatory effects.
Importantly, YFP-T70 expression significantly reduced AP firing,
probably by reducing the inward current (Figures 5C–5J and
S5B), consistent with its inhibitory effect on Nav channel axonal
targeting. Taken together, our results support the model that
KIF5 transports Nav channels into axons through direct binding
to AnkG.-Nav1.2II-III and GST-Tail pulled down the N-terminal MB domain (membrane-
GST-Tail and GST-Nav1.2II-III differ in binding to different ankyrin-repeat clusters
on the top) were pulled down by purified GST-Tail (middle) or GST-Nav1.2II-III
ights are indicated on the left. Blue arrowheads: full-length YFP-fusion proteins.
AnkG. The T63 (aa 758–820) and T70 (aa 865–934) regions in KIF5B tail bind to
rmed with purified proteins and shown with Colloidal Blue staining for proteins
he bands of full-length GST-fusion proteins are indicated with red arrowheads.
er degradation bands for some proteins. GST-Nav1.2II-III had a weak band near
His-MB. His-MB concentrations (mM): 0, 0.001, 0.005, 0.01, 0.05, and 0.1.
His-AR1. His-AR1 concentrations (mM): 0, 0.053, 0.265, 0.53, and 1.59.
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Figure 3. Disrupting the AnkG-KIF5 Interaction Suppresses Axonal Targeting of Nav Channels
(A) Control siRNA had no effect on endogenous AnkG and Nav channels along axons. Hippocampal neurons were transfected with control siRNA at 5 DIV, fixed,
and stained at 21 DIV. Signals are inverted in grayscale images. In merged image: anti-AnkG, blue; anti-pan-Nav, green; mCherry from the siRNA vector, red.
White arrows: proximal and distal axons.
(B) Knocking down AnkG with siRNA reduced the overall Nav channel level along the entire axon.
(C) Two enlarged areas (3-fold) in (A). a1, proximal axon; a2, middle-distal axon.
(legend continued on next page)
Developmental Cell
KIF5 Transports Ankyrin-G/Nav Channels into Axons
122 Developmental Cell 28, 117–131, January 27, 2014 ª2014 Elsevier Inc.
Figure 4. Knockdown of AnkG or Overex-
pression of AnkG Dominant-Negative Frag-
ments Differentially Changes AP Firing by
Altering Inward and Outward Currents
(A) Effects of knocking down AnkG on the AP
waveform recorded with current clamp.
(B) Effects of knocking down AnkG on inward
(downward) and outward currents recorded with
voltage clamp. Neurons were transfected with
siRNA plasmids at 5 DIV and recorded at 11 DIV.
(C) Differential effects of expressing YFP-AR1 and
YFP-AR2 on AP firing recorded with current
clamp. Neurons were transfected at 5 DIV and
recorded at 7–8 DIV.
(D) Effects of YFP-AR1 and YFP-AR2 on inward
and outward currents recorded with voltage
clamp.
(E) Summary of the effects on AP amplitude (AP in
mV). The sample size is indicated in each column.
(F) Summary of the effects on AP duration (ms).
(G) Summary of the effects on inward current
density (Iin).
(H) Summary of the effects on outward current
density (Iout).
In (E)–(H), results are provided as mean ± SEM. An
unpaired t test was used for the siRNA experi-
ments and one-way ANOVA followed by Dunnett’s
test was used for the experiments with YFP-AR1
and YFP-AR2. *p < 0.05; **p < 0.01; ***p < 0.001.
See also Figure S4.
Developmental Cell
KIF5 Transports Ankyrin-G/Nav Channels into AxonsAxonal Transport of AnkG and Nav1.2 Channels by KIF5B
Motors
To directly visualize axonal transport of AnkG and Nav channels
by KIF5B, we performed live-cell time-lapse imaging. First,
we examined the effects of CFP-AR1 and CFP-AR2 on the
motility of KIF5B-YFP. Consistent with the binding result that
YFP-AR1, but not YFP-AR2, binds to the KIF5 tail domain
(Figures 2C and 2D), CFP-AR1, but not CFP-AR2, markedly
increased the anterograde transport frequency of KIF5B-YFP
(Figures 6A and 6B). Binding of CFP-AR1 activated KIF5B-(D) Two enlarged areas (3-fold) in (B). b1, proximal axons; b2, distal axons. Black arrowheads: axons with A
(E) YFP-AR1, but not YFP-AR2, reduced AnkG (red in merged) and Nav channel (blue in merged) levels at t
12 DIV, fixed, and stained at 17 DIV. In single images, signals are inverted. Black arrows: proximal axons. S
(F) Summary of the effect of siRNA knockdown of endogenous AnkG and overexpression of YFP-AR1 and YFP
endogenous AnkG along axons. Fluorescence intensities were normalized with control siRNA or GFP. Upper
(G) Summary of the effect on endogenous Nav channels along axons.
(H) Normalized fluorescence intensity of the anti-pan-Nav staining at the soma of the neurons.
In (F)–(H), results are provided asmean ± SEM. Unpaired t test was used for the siRNA experiments and one-w
the experiments of YFP-AR1 and YFP-AR2. *p < 0.05; **p < 0.01. See also Figure S3.
Developmental Cell 28, 117–131YFP, likely by releasing autoinhibition
of the motor protein similarly to other
KIF5-binding proteins (Barry et al.,
2013), but unlike Kv3.1, CFP-AR1 did
not induce clusters of KIF5B-YFP. We
further performed two-color time-lapse
imaging. Indeed, CFP-AR1 and KIF5B-
YFP cotransported along axons (Figures
6C and 6H; Movie S1). MB-GFP, includ-
ing 24 ankyrin repeats in the N terminusof AnkG, was also found to cotransport with KIF5B-mCh
(Figures 6D and 6H). However, the comovement of full-length
AnkG-GFP and KIF5B-mCh was difficult to find under normal
conditions, which may be due to interference from the many
other binding proteins of AnkG, including the spectrin/actin
cytoskeleton. Therefore, we added Latrunculin A (2.5 mM) to
depolymerize actin filaments and subsequently performed live-
cell imaging. We indeed observed cotransport of AnkG-GFP
and KIF5B-mCh (Figures 6E, 6H, S6A, and S6F). Importantly,
we observed cotransport of the full-length Nav1.2-GFP and thenkG siRNA.
he AIS. Hippocampal neurons were transfected at
cale bars, 100 mm.
-AR2 (transfected on 12DIV and fixed on 17DIV) on
panel: the sample size is indicated in each column.
ay ANOVA followed by Dunnett’s test was used for
, January 27, 2014 ª2014 Elsevier Inc. 123
Figure 5. Disruption of AnkG-KIF5 Binding by Expression of the KIF5 Tail Fragment Reduces Axonal Targeting of Nav Channels and AP Firing
(A) YFP-T70, but not YFP-T70RKR, reduces the endogenous levels of AnkG and Nav channels along axons. Black arrows: proximal and distal axons. In merged
images: YFP in green, anti-AnkG in red, and anti-pan-Nav in blue. Scale bars, 100 mm.
(B) Summary of the fluorescence intensities of AnkG (top) and Nav channel (bottom) in the AIS and distal axons of neurons expressing YFP, YFP-T70, or YFP-
T70RKR. The sample sizes are shown on top.
(C) A single AP induced in the presence of YFP (black), YFP-T70 (red), and YFP-T70RKR (blue) with expanded timescale.
(D) Voltage-clamp recording of inward and outward currents corresponding to the AP traces in (C).
(legend continued on next page)
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KIF5 Transports Ankyrin-G/Nav Channels into AxonsAnkG-binding site of Nav1.2 (CFP-Nav1.2II-III) with KIF5B con-
structs (Figures 6F and 6G). Nav1.2-GFPwas highly concentrated
at the AIS and present in distal axons at a much lower level
(Figure S6B), as previously described (Lee and Goldin, 2009).
Knocking down AnkG with siRNA markedly reduced the axonal
level of Nav1.2-GFP (Figure S6C). Consistently, no comovement
was observed between CFP-Nav1.2II-III and KIF5B-YFP when
endogenous AnkG was knocked down by siRNA (Figures 6G
and 6H). Interestingly, the moving percentage is much higher
with coexpression of CFP-Nav1.2II-III, KIF5B-YFP and control
siRNA compared with KIF5B-YFP alone (Figures 6G and 6H).
Although Nav1.2II-III does not directly bind to KIF5B, it may
enhance the recruitment of endogenous AnkG to KIF5 and
activate KIF5. In the absence of endogenous AnkG, Nav1.2II-III
may not activate KIF5, and the moving frequency of KIF5 puncta
becomes comparable to that of KIF5B-YFP alone (Figures 6G
and 6H).
Furthermore, we visualized cotransport of Nav1.2-YFP and
CFP-AR1, and CFP-Nav1.2II-III and YFP-AR1 (Figures 6H, S6D,
and S6E; Movie S2). Most comoving puncta in each condition
were anterograde ones (Figure S6G). The average velocities of
anterograde comoving puncta were similar (Figure 6I). We did
not detect a clear difference between single-moving and comov-
ing puncta in terms of transport velocity. Therefore, our live-cell
imaging experiments directly showed the anterograde cotrans-
port of AnkG and KIF5B. We also found that the cotransport of
Nav1.2 and KIF5B requires endogenous AnkG.
Deleting AnkG In Vivo Decreases the Axonal Level
of Nav, but Not Kv1.2, Channels
We further tested our model in vivo. In the cerebellum of wild-
type (WT) mice, AnkG and Nav channels colocalized at the AIS
and nodes of Ranvier, whereas Kv1.2 channels were clustered
both in basket cell terminals and at the juxtaparanodal (JXP)
regions flanking the nodes of myelinated axons (Jenkins and
Bennett, 2001; Wang et al., 1993). In the cerebellum of AnkG
KO mice, both AnkG and Nav channel staining was largely elim-
inated, but the JXP Kv1.2 staining was not altered (Figures 7A–
7F). In this KO mouse, the AnkG splice variant that is mainly
concentrated in the cerebellum is deleted, whereas AnkG in
other brain regions remains unchanged (Zhou et al., 1998). In
spinal cord white matter of AnkG KO mice, AnkG and Nav
channels were also missing from some nodes, whereas the
JXP Kv1.2 persisted (Figures 7B and S7A–S7D). Importantly,
when AnkG was absent, the axonal Nav channel was not just
dispersed along axons—instead, its overall axonal levels were
markedly reduced (Figures 7C–7F, S7E, and S7F). These in vivo
data confirm that AnkG is a critical adaptor protein for mediating
axonal transport of Nav channels.(E) The resting membrane potential did not change.
(F) YFP-T70, but not YFP or YFP-T70RKR, reduced AP amplitude.
(G) YFP-T70 significantly increased AP duration.
(H) The inward current remained the same.
(I) YFP-T70 reduced the outward current.
(J) The input-output relationship was significantly reduced in YFP-T70-expressin
145 pA with increments of 10 pA) were injected into the soma to induce APs. Th
In (B) and (E)–(J), results are provided as mean ± SEM. One-way ANOVA followed
(J). *p < 0.05; **p < 0.01. See also Figure S5.
DevelopmReducing Nodal Nav Channels In Vivo by AAV-Mediated
Expression of YFP-T70
Finally, we examined the effect of YFP-T70 in mouse cerebellar
neurons. We made adeno-associated virus type 2 (AAV2) ex-
pressing YFP, YFP-T70, or YFP-T70RKR. The virus was injected
into the right side of mouse cerebellum (Figure 7G). Three weeks
after injection, we fixed and stained the mouse cerebellar sec-
tions. Many neurons of cerebellar nuclei were successfully
infected. The soma and axons of those neurons contained
GFP or YFP fluorescence (Figures 7H and 7I). In myelinated
axons in cerebellar white matter, expression of YFP-T70 did
not alter the Kv1.2 JXP clusters, but significantly decreased
the nodal AnkG and Nav channel levels (FAnkG/FKv1.2: GFP,
0.24 ± 0.03; YFP-T70, 0.11 ± 0.03; YFP-T70RKR, 0.25 ± 0.04;
FNav/FKv1.2: GFP, 0.24 ± 0.03; YFP-T70, 0.06 ± 0.02; YFP-
T70RKR, 0.24 ± 0.06; Figures 7J–7L, S7E, and S7F). Expression
of YFP-T70RKR did not alter AnkG, Nav, or Kv1.2 channels,
similar to the effect of GFP expression. Therefore, disrupting
KIF5-AnkG binding eliminated axonal transport of AnkG/Nav
channels at the nodes, but not axonal transport of JXP Kv1.2
channels. The result that Kv1.2 JXP clusters were not affected
by either deleting AnkG or expressing YFP-T70 is consistent
with our previous finding that Kv1.2 is likely transported by
kinesin-2 motors (Gu et al., 2006).
DISCUSSION
In this study, we identified a direct binding between AnkG and
KIF5. This binding is mediated by the KIF5 tail domain and the
MB domain of AnkG. Importantly, there are multiple binding
sites for both KIF5 and Nav1.2 within this MB domain. Thus,
AnkG links Nav channels to the KIF5 motor. Indeed, AnkG-
KIF5 binding is critical for axonal targeting of pan Nav channels
and proper AP firing. The axonal level of Nav channels was
also significantly reduced in cerebellar white matter of both
AnkG knockout mice and WT mice expressing YFP-T70, the
YFP-tagged KIF5 tail fragment containing the AnkG-binding
site. The anterograde cotransport of fluorescently tagged
AnkG (or Nav1.2) and KIF5 was observed with two-color live-
cell imaging. Therefore, our results show that AnkG functions
as an adaptor to link Nav channels to KIF5 during axonal
transport.
Multiple Binding Sites in the MB Domain of AnkG
Multiple binding sites were identified for both KIF5 and Nav1.2
in the AnkG MB domain (Figures 2C and 2D). Nav1.2 and
AnkG binding was well established, but whether AnkG and
KIF5 directly bind was not known. Our study further shows
that both interactions involve multiple regions in the AnkG MBg neurons. Currents of 1,000 ms duration and increasing amplitude (from 5 to
e sample sizes for the electrophysiology experiments are provided at the top.
by Dunnett’s test was used in (B) and (E)–(I), and an unpaired t test was used in
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ings are actually consistent with previous studies. Anion
exchanger binds to two sites in repeats 7–12 and 13–24 of eryth-
rocyte ankyrin, and neurofascin binds to repeats 7–18 and 13–24
(Michaely and Bennett, 1995a, 1995b). The existence of multiple
binding sites raises the interesting possibility that AnkG can
bind to ion channels and KIF5 motors simultaneously and
function as an adaptor protein.
Within the KIF5B tail region, which contains about 200 resi-
dues, there are different domains. For instance, the T63 region
(aa 758–820) binds to KLC, and the T70 region (aa 865–934)
binds to the Kv3.1 T1 domain, which we identified recently (Barry
et al., 2013; Xu et al., 2010). Interestingly, the AnkG-binding
site in the KIF5 motor is the T70 region (Figure 2E), the exact
same binding site for the Kv3.1 T1 domain. Since Kv3.1 directly
binds to KIF5, AnkG is not required for axonal transport of Kv3.1
channels. In fact, Kv3.1 channels may compete with AnkG
for binding to KIF5 motors. The binding affinities of His-31T1
(KD: 6.0 ± 1.4 3 10
8 M) and His-MB (KD: 2.4 ± 0.9 3 10
9 M)
to GST-Tail are comparable (Figure 2F; Barry et al., 2013). It is
important to note that although the binding affinities were
measured using purified domains that can independently fold
and function, these values might be different from those of
full-length proteins. Nonetheless, our findings demonstrate
direct binding among these proteins. They also explain why
Kv3.1 channels are not concentrated at the AIS in some neurons
(Devaux et al., 2003; Johnston et al., 2010; Xu et al., 2007).
AnkG Is Involved in KIF5-Mediated Transport of Some
Axonal Proteins
Recent studies showed that AnkG is localized at the AIS to regu-
late the passage of axonal proteins and cargos (Maniar et al.,
2012). An AnkG- and F-actin-dependent cytoplasmic filter at
the AIS emerges within 2 days after axon-dendrite differentia-
tion, allowing axonal entry of small (10 kDa) diffusible dextrans,
but not large (70 kDa) ones (Song et al., 2009). Inmature neurons,
AnkG at the AIS plays an important role in axon-dendrite polarity
maintenance (Sobotzik et al., 2009). AnkG-based AIS formation
is regulated by distal axonal cytoskeleton components, including
AnkB and aII and bII spectrins (Galiano et al., 2012). Despite the
functional significance of AnkG, how AnkG is transported down
the axon, especially at the nodes of Ranvier far from the soma
along myelinated axons, was not known. In the present study,Figure 6. Cotransport of AnkG, Nav1.2, and KIF5B along Axons
Hippocampal neurons were transfected at 5 DIV and imaged 2–3 days later.
(A) CFP-AR1, but not CFP-AR2, increased the anterograde transport of KIF5B-
alone (left), or in the presence of CFP-AR1 (middle) or CFP-AR2 (right).
(B) Frequency of axonal transport of KIF5B-YFP puncta under three different con
(C) Kymograph of anterograde cotransport of CFP-AR1 (red in merged) and KIF5
(D) Kymograph of anterograde cotransport of MB-GFP (green in merged) and KI
(E) Kymograph of anterograde cotransport of AnkG-GFP (green in merged) and K
2 hr.
(F) Kymograph of anterograde cotransport of Nav1.2-GFP (green in merged) and
(G) Kymographs of comovement of CFP-Nav1.2II-III (green in merged) and KIF5B-Y
(H) Percentage of anterograde and retrograde comoving puncta (C: CFP-AR1 + K
GFP + KIF5B-mCh; G: CFP-Nav1.2II-III + KIF5B-YFP; S1: CFP-Nav1.2II-III + YFP-AR
time length was 198 s for all kymographs and the distance is provided for each o
(I) Average anterograde velocity of comoving puncta in different conditions. The p
See also Figure S6 and Movies S1 and S2.
Developmour in vitro and in vivo experimental results show that KIF5
directly binds to AnkG to transport Nav channels into axons,
including the AIS. This represents an important way for large pro-
tein complexes and organelles to be transported through the
AIS. Suppressing endogenous AnkG by siRNA knockdown
reduced the pan Nav channel level not only at the AIS but also
in distal axons (Figures 3A–3D, 3F, and 3G). Consistent with
the immunostaining results, the amplitude of the AP decreased
and its duration increased, due to significant reduction of inward
currents (Figures 4A, 4B, 4E, and 4F). In AnkG KO mice, Nav
channel levels were reduced both at nodes and along entire
axons (Figures 7A–7H and S7). Thus, it seems that deleting
AnkG not only disperses the Nav channels clustered at the nodes
but also reduces the overall channel protein levels. This result
supports the hypothesis that AnkG functions as an adaptor to
transport Nav channels.
The use of dominant-negative mutants (YFP-AR1 and YFP-
T70) to disrupt AnkG-KIF5 binding not only reduced AnkG at
the AIS but also decreased the pan Nav channel level both at
the AIS and along distal axons (Figures 3E–3G, 5A, and 5B).
The reduction of Nav channels at the AIS is consistent with
reduced AP firing (Figures 4C–4H and 5C–5J). Similar to what
was observed for binding to the Kv3.1 T1 domain (Barry et al.,
2013), mutating R892K893R894 in KIF5 tail also eliminated the
AnkG-KIF5 binding (Figure 2E), so YFP-T70RKR did not affect
Nav channel targeting and AP firing (Figure 5). These results
are consistent with the hypothesis that AnkG-KIF5 binding is
required in axonal targeting of Nav channels.
Our hypothesis that AnkG links Nav channels to KIF5 motors
during axonal transport is further supported by the two-color
live-cell imaging results. Both fragments and the full-length
of AnkG cotransported with KIF5B along axons of cultured
hippocampal neurons (Figure 6). However, the cotransport of
AnkG-GFP and KIF5B-mCh was difficult to find under normal
conditions. The cotransport events significantly increased
when actin filaments were disrupted in the presence of
Latrunculin A (Figure 6). It is possible that normally a few
AnkG molecules are sufficient to mediate the loading of a
Nav-channel-containing vesicle to KIF5 motors. Consistent
with this idea, we did observe cotransport of Nav1.2-GFP and
KIF5-mCh, which requires endogenous AnkG (Figures 6 and
S6). Taken together, our studies indicate that AnkG can partic-
ipate in selective transport of some axonal cargos, particularlyYFP, indicated by kymographs of KIF5B-YFP puncta along axonal segments
ditions in (A).
B-YFP (green in merged).
F5B-mCh (red in merged).
IF5B-mCh (red in merged), preincubated with 2.5 mM Latrunculin A at 37C for
KIF5B-mCh (red in merged).
FP (red in merged) in the presence of control siRNA (left) or AnkG siRNA (right).
IF5B-YFP; D: MB-GFP + KIF5B-mCh; E: AnkG-GFP + KIF5B-mCh; F: Nav1.2-
1; S2: CFP-AR1 + Nav1.2-YFP). The movie number is provided for each bar. The
ne.
uncta number is provided for each bar. Results are provided as mean ± SEM.
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Figure 7. AnkGDeletion or Disruption of AnkG-KIF5 Binding by Expressing a KIF5B Tail Fragment Reduces the Axonal Level of Nav Channels
In Vivo
Costaining of Kv1.2 and AnkG (or Nav channels) was performed on coronal sections of mouse cerebellum.
(A) Confocal images of AnkG (red) and Kv1.2 (green) costaining at the AIS of Purkinje neurons in WT (top) and AnkG/ (bottom) mice. White dots indicate the
soma of Purkinje neurons.
(B) Summary of the percentage of nodes of Ranvier with AnkG and Nav channel staining in WT and AnkG/mice in the cerebellum (Cereb) and spinal cord (SC).
The nodal regions were defined by a pair of JXP Kv1.2 clusters.
(C) High-magnification confocal images of AnkG (red) and Kv1.2 (green) staining in cerebellar white matter myelinated axons of WT (top) and AnkG/ (bottom)
mice.
(D) Summary of the ratio of AnkG and Kv1.2 staining fluorescence along the axonal segment.
(E) High-magnification confocal images of pan-Nav (red) and Kv1.2 (green) staining in cerebellar white matter myelinated axons ofWT (top) and AnkG/ (bottom)
mice.
(F) Summary of the ratio of pan-Nav and Kv1.2 staining fluorescence intensities.
(G) Diagram for AAV virus injection into mouse cerebellum.
(H) Neurons in cerebellar nuclei expressing AAV-GFP.
(I) Axons expressing AAV-GFP in cerebellum white matter.
(legend continued on next page)
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motor proteins.
Selective Transport of Nodal and JXP Proteins along
Myelinated Axons
Our results demonstrate the causal relationship between KIF5
motor and nodal proteins, including AnkG and Nav channels,
consistent with a recent work showing that the slow replenish-
ment of components during node maintenance depends on
transport (Zhang et al., 2012). Cell adhesion molecules rely on
diffusion to cluster to the nodes of Ranvier, whereas the channel
proteins and cytoskeleton proteins rely on axonal transport to
cluster into the nodes of Ranvier. Interestingly, neither deletion
of AnkG nor disruption of AnkG-KIF5 binding by expression
of the KIF5 tail fragment affected the JXP clustering of Kv1.2
channels (Figure 7). This result is consistent with our previous
findings that Kv1.2 channels are likely transported by KIF3/kine-
sin-2motors (Gu et al., 2006; Gu andGu, 2010). However, it is not
known whether other JXP proteins, such as transient axonal
glycoprotein-1 and contactin-associated protein-like 2 (Gu and
Gu, 2011), are also transported by kinesin-2. Similarly, although
AnkG binds to many membrane proteins at nodes of Ranvier, it
remains to be determined whether all nodal proteins and all ten
Nav channel a subunits are exclusively transported by KIF5
through AnkG. Furthermore, after reaching the proper axonal
site (such as the AIS and nodes of Ranvier), AnkG will disasso-
ciate from KIF5 to unload the cargo, including Nav channels.
AnkG can remain associated with Nav channels for local reten-
tion. Some AnkG molecules, especially those in unmyelinated
axons, may be transported back to soma and/or degraded,
which remains to be investigated. The regulation of the dis-
association of AnkG and KIF5 may be mediated by posttransla-
tional modifications, such as phosphorylation, which has been
implicated in regulation of AnkG binding to other proteins and
of KIF5 binding to cargo proteins (Barry and Gu, 2013; Cianci
et al., 1988; Ghosh et al., 2002; Woroniecki et al., 2003). These
are interesting research topics for future studies.
In the present study, our experimental data lead to a model
in which AnkG functions as an adaptor protein to link multiple
types of Nav channels to KIF5 motors during axonal transport
to the AIS and nodes of Ranvier, and subsequently clusters
these channel proteins at these sites. This set of machinery for
axonal transport and local retention is not shared by axonal
Kv1.2 channels. The precise targeting of Nav channels is vital
for efficient initiation and saltatory conduction of APs.
EXPERIMENTAL PROCEDURES
cDNA Constructs
AnkG-GFP (270 kDa), MB-GFP, GST-31aC, GST-Tail, GST-T63, YFP-T63, and
YFP-T70 were described previously (Gu et al., 2003; Xu et al., 2007, 2010).
YFP-T70RKR was made by using the QuikChange (Stratagene) system
to mutate residues R892K893R894 to DDD. GST-Nav1.2II-III was made by fusing(J) Axons expressing either GFP (top, blue) or YFP-T70 (bottom, blue) were cost
(K) Axons expressing either GFP (top, blue) or YFP-T70 (bottom, blue) were cost
(L) Summary of the effect of AAV-mediated expression of dominant-negative cons
of Ranvier.
In (B), (D), (F), and (L), results are provided as mean ± SEM. Scale bars, 200 mm (H
(D), and (F); one-way ANOVA followed by Dunnett’s test was used in (L). *p < 0.0
Developmthe intracellular loop region between II and III membrane segment clusters
(aa 1080–1203) of Nav1.2 to the GST C terminus in pGEX4T-2. YFP-SPBD
(aa 792–1871), YFP-RD (aa 1782–2622), YFP-AR1 (aa 2–236), YFP-AR2 (aa
237–467), YFP-AR3 (aa 468–665), YFP-AR4 (aa 666–791), YFP-AR1-2
(aa 2–467), YFP-AR1-3 (aa 2–665), YFP-AR2-3 (aa 237–665), YFP-AR2-4
(aa 237–791), and YFP-AR3-4 (aa 468–791) were made by fusing the regions
indicated by the residual number of AnkG (270 kDa) to the YFP C terminus
in pEYFP-C1. His-MB (aa 2–791) and His-AR1 (aa 2–236) were made by insert-
ing the regions into the pRSET-B vector. All constructs were confirmed by
sequencing. Nav1.2-GFP was kindly provided by Dr. Alan Goldin.
Hippocampal Neuron Cultures and Transfection
Hippocampal neuron culture was prepared as previously described from
embryonic day 18 (E18) embryos (Gu et al., 2006). All animal experiments
were conducted in accordance with ethics guidelines stipulated by the Ohio
State University animal ethics committee and with the NIH Animal Use Guide-
lines. See the Supplemental Experimental Procedures for details.
siRNA Knockdown of Endogenous AnkG
Construction and validation of the vector-based siRNA strategy to suppress
the levels of endogenous proteins in rat hippocampal neurons were previously
described (Xu et al., 2007).
Fluorescence Microscopy and Quantification
Fluorescence images were captured with a Spot CCD camera RT slider
(Diagnostic Instruments) in an Axiophot upright microscope (Zeiss) using
Plan Apo objectives 203/0.75 and 1003/1.4 oil, saved as 16-bit TIFF files,
and analyzed with NIH ImageJ and SigmaPlot 12.0 for fluorescence intensity
quantification.
SPR Experiments
SPR experiments were performed on a Biacore T100 instrument (GE
Healthcare) with CM5 sensor chips using IP buffer (50 mM Tris-Cl, pH 7.4,
150 mM NaCl, 1% Triton X-100) as the running buffer. Then 0.6 mg of
purified GST, GST-Tail, and GST-Nav1.2II-III was immobilized onto different
flow cells using the GST capture kit (Biacore). Purified His-MB or His-AR1
(0–1,590 nM) was injected at a flow rate of 20 ml/min for 3 min. All of the
sensorgram data show the total signal (GST fusion proteins) that was sub-
tracted by the nonspecific signal (GST). The KD was calculated using
kinetics fitting.
Whole-Cell Patch-Clamp Recording
The procedures used for both current-clamp and voltage-clamp recordings
were previously described (Gu et al., 2012).
Two-Color Live-Cell Imaging
Both the procedure and quantification of two-color live-cell imaging were pre-
viously described (Barry et al., 2013; Gu and Gu, 2010; Xu et al., 2010).
AnkG KO Mice, Cardiac Perfusion, Tissue Fixation, and Sectioning
AnkG KO mice were previously described (Jenkins and Bennett, 2001). The
procedures used for cardiac perfusion, tissue fixation, and sectioning were
previously described (Jukkola et al., 2012, 2013).
Immunofluorescent Staining of Sections of Brain and Spinal Cord
Sections were incubated in PBS/0.3% Triton X-100 for 1 hr at room temper-
ature (RT) to permeabilize the tissue, and then blocked with 2.5% normal
goat or donkey serum (matched with the host species of the secondary anti-
body) for 1 hr at RT. The primary antibodies were then added in blocking
solution and the sections were incubated for 3 hr at RT, and then overnightained for endogenous AnkG (red) and Kv1.2 (green).
ained for endogenous pan-Nav (red) and Kv1.2 (green) channels.
truct of KIF5B tail domain. White arrowheads: JXP region; white arrows: nodes
and I), 50 mm (A), and 10 mm (C, E, J, and K). An unpaired t test was used in (B),
5; **p < 0.01; ***p < 0.001. See also Figure S7.
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priate secondary antibody was added in blocking solution, and the sections
were incubated for 3 hr at RT. Sections were rinsed 10 3 5 min at RT and
coverslipped using tris-buffered Fluoro-Gel mounting media (Electron Micro-
scopy Sciences).
Confocal Microscopy
High-magnification confocal images were captured with a Leica TCS SL
confocal imaging system (Leica Microsystems) using a 1003 HCX Plan Apo
CS oil immersion objective (numerical aperture = 1.40). Multiple channels
were acquired simultaneously and the signal was averaged over six scans.
Channel crosstalk was eliminated through optimization of the laser line
intensity by acousto-optical tunable excitation filters, and by spectral
detectors allowing precisely defined bandwidth adjustment. Images were
saved as 8-bit TIFF files and adjusted for brightness and contrast using
Adobe Photoshop 7.0.
AAV2 Construction and Production
YFP, YFP-T70, and YFP-T70RKR were subcloned into the AAV vector (kindly
provided by the Viral Core facility of The Research Institute at Nationwide
Children’s Hospital) using the NotI restriction site. AAV2 viruses expressing
YFP (titer: 2.1 3 1013), YFP-T70 (titer: 1.9 3 1013), or YFP-T70RKR (titer:
1.0 3 1013) were made at the Viral Core facility of The Research Institute at
Nationwide Children’s Hospital.
Surgeries and Microinjection of Viral Vectors
YFP, YFP-T70, or YFP-T70RKR was overexpressed in mouse cerebellum by
stereotaxic injection of recombinant AAV2 virus. Each mouse was unilaterally
injected on the right side, leaving the uninjected left side as a within-subject
control. Cohorts of mice injected with AAV-YFP (n = 6), AAV-YFP-T70 (n =
6), or AAV-YFP-T70RKR (n = 6) were produced for between-subject compari-
sons. After injection, the mice were sutured and administered postoperative
care for 1 week. Mouse cerebellum was fixed and sectioned 2–3 weeks after
injection for immunohistochemistry studies.
Statistical Analysis
We performed one-way ANOVA when comparing two or three experimental
groups with one control group, and unpaired t tests when comparing two
groups, using Sigmaplot 12.0. Results are provided as mean ± SEM.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two movies and can be found with this article online at
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